6 8
Transcriptome sequencing 1 6 9
Total RNA was extracted using an improved CTAB method (Gareth, et al., 2006) . A total amount 1 7 0 of 3 µg RNA per sample was used as input material for the RNA sample preparations. Sequencing 1 7 1 libraries were generated using NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, 1 7 2 USA) following the manufacturer's recommendations, and index codes were added to attribute 1 7 3
sequences to each sample. The clustering of the index-coded samples was performed on a cBot 1 7 4
Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina) according to the 1 7 5
manufacturer's instructions. After cluster generation, the library preparations were sequenced on 1 7 6
an Illumina Hiseq platform, and 125 bp/150 bp paired-end reads were generated. HTSeq v0.6.1 1 7 7
was used to count the reads numbers mapped to each gene. Supplementary Fig. S1 ). There 1 8 6
were 21 vBPOs and 68 vIPOs isolated from genomic and transcriptomic data for S. japonica. The 1 8 7
homology comparison and structure prediction confirmed that these sequences all belonged to the 1 8 8
vHPO superfamily. 1 8 9
Phylogenetic trees based on full-length amino acid sequences of vHPO-related genes from 1 9 0 archaeal taxa, bacteria, fungi, and eukaryotic algae were constructed using Bayesian methods 1 9 1
(only representative candidates were included). Based on this tree, all vHPO genes formed a 1 9 2 monophyletic group sharing a common ancestor with the vCPO genes in fungi, after which they 1 9 3
evolved independently in red and brown algae (Fig. 1) . Red algae only have vBPO genes. 1 9 4
However, brown algae contain vBPOs and vIPOs, which both have secondary endosymbiotic host 1 9 5
origins. These two types of vHPOs were paralogues resulting from an ancestral gene duplication. 1 9 6
Interestingly, brown alga Ectocarpus siliculosus has only one vBPO gene in its genome, whereas 1 9 7
the closely related species S. japonica has 89 vHPOs. Based on the consensus tree, 21 S. japonica 1 9 8
vBPOs were clustered into three groups (I-III), and 68 vIPOs were clustered into five groups 1 9 9
(I-V). The large number of family members are expected to have been derived from recent 2 0 0 tandem duplication events, which occurred after the differentiation of Saccharina and Ectocarpus. 2 0 1 2 0 2
Characterization and confirmation of the functions of vHPO genes from S. japonica 2 0 3
In this study, one vBPO (SjavBPO1) and one vIPO (SjavIPO1) were chosen to be over-expressed 2 0 4
in E. coli to verify their encoding enzyme activities. This was the first functional analysis of these 2 0 5 enzymes in Saccharina. Specificity of SjavHPOs was determined by assaying its activity in the 2 0 6
presence of different potential substrates. The activities of the two purified proteins under different temperatures and pH values were 2 1 8 determined to elucidate their biological characteristics. Based on these experiments, the maximum 2 1 9 activity of SjavBPO1 for Br -was at 20°C, whereas the activity was 68% and 93% of the maximum 2 2 0 activity at 10°C and 25°C, respectively. The optimum temperature for I -was 25°C, with 78% and 2 2 1 72% of the residual activity at 20°C and 30°C, respectively ( Fig. 2A) . For SjavIPO1, the optimum 2 2 2 temperature was much higher (50°C), with 68% and 81% of the residual activity at 40°C and 60°C, 2 2 3 respectively (Fig. 2B) . The optimum pH for SjavBPO1 for both Br -and I -was 6.5, with the activity of SjavBPO1 at pH 6.5 for both Br -and I -were set to 100%. C. Enzyme activity of 4 2 5
SjavIPO1 at 50°C for I -was set to 100%. D. Enzyme activity of SjavIPO1 at pH 3.0 for I -was set 4 2 6 to 100%. Data represent means ± SD of four independent experiments. 4 2 7 4 2 8 Supplemental Figure S3 . The ESI-MS result of peak A1 in Figure 3B and peak A2 in Figure 3C . 4 6 4 4 6 5
